We examined the potential impact of climate change on Tokyo metropolitan water resources in the Tone River basin using output from a super-highresolution global atmospheric general circulation model, AGCM20, having 20-km spatial resolution and 1-hour temporal resolution. AGCM20 is run on the Earth Simulator and being developed under the Japanese government's Kakushin21 program. AGCM20 has an advantage in simulating orographic rainfall and frontal rain bands, so we used its output to analyze Tone River basin water resources. The basin covers 16,840 km 2 and the main channel is 322 km long from its source to the Pacific Ocean. AGCM20 outputs hourly precipitation and daily variables such as snowfall, rainfall, snowmelt, evaporation, and transpiration for a present period, 1979-1998, and a projected period, 2075-2094. A comparison of these two periods showed that snow-related variables will decrease and all others will increase. Based on a comparison of ordered daily precipitation curves (ODPC) between AGCM20 and the Automated Meteorological Data Acquisition System (AMeDAS), a high-resolution Japan Meteorological Agency (JMA) surface observation network, we corrected AGCM20 precipitation data bias, and calculated the standardized precipitation index (SPI) drought indicator. The SPI for less than 6 months does not show noticeable variations under climate change, but the yearly SPI predicts more frequent dry conditions, indicating increased future vulnerability to subtle droughts.
Introduction
Intergovernmental Panel on Climate Change (IPCC) Assessment Report 4 (AR4) states that globally averaged temperatures have apparently increased since the mid 20 th century [1] , which is assumed due mainly to human activities such as fossil fuel burning and deforestation. Anthropogenic warming is thus believed to influence many of the Earth's physical and biological systems [2] . Unequivocal climate change thus brings us to a point where we must clarify its potential impact on society and nature.
Climate change is expected to strongly affect the hydrologic cycle in coming decades [3, 4] . Long-term changes in water resources depend mainly on the amount of precipitation and evapotranspiration (the sum of evaporation and plant transpiration from the earth's land surface into the atmosphere) [5] . Many researchers suggest that climate change accelerates water cycles with more precipitation and increased evapotranspiration, limiting freshwater resources less in the next century [6, 7] , but increased precipitation does not necessarily mean sustainable water resources because less frequent but heavier precipitation may lead to extremely dry periods [8] . Under future climate conditions, the risk of water problems may remain or even increase due to variations in seasonal patterns and increased numbers of extreme events. In areas dominated by snow, seasonal variations in water resources due to climate change become more apparent [9] . A warmer world will mean less snowfall in winter and earlier snow melting in spring, shifting much surface runoff to earlier seasons [10, 11] .
Future water supply conditions, especially for fresh water, are difficult to assess due to rapid and uncertain changes in society [12] . Domestic and industrial water demand is mainly determined by the population and its water use. As the urban population increases, fresh water must be drawn increasingly from distant watersheds as local surface and groundwater sources cease to meet water demand for water or become depleted or polluted. Obtaining additional water resources invariably requires time to prepare required equipment and facilities, and rapidly changing climatic and environmental conditions demand that urban and national water supply conditions be monitored regularly and comprehensively.
Heavily populated Tokyo is no exception. De-spite Japan's abundant average annual precipitation of 1,690 mm/year, which is twice the global average of 807 mm/year, the water supply's seasonal nature -over 70% of rain falls from May to September, and Japan's high population density -338 person/km 2 -prevent the water supply from being sustainable [13] . Water allocation in Japan is only about 3,230 m 3 /person/year -half of the world average of 8,559 m 3 /person/year. Given Tokyo's population density of 13,416 person/km 2 , the already critical nature of the area's water resources becomes apparent. Over 75% of all Tokyo area water comes from the Tone River northeast of the city [14] , with annual snowfall in the upper river basin one of the major sources at over half of annual precipitation. We studied the potential impact of climate change on the Tone River basin, particularly Tokyo's water resources, using the output from a super-high-resolution global atmospheric general circulation model, AGCM20. This paper is organized as follows: Section 2 outlines AGCM20 and the study area. Section 3 analyzes model output checked versus AMeDAS observation data. Section 4 assesses the water resource problem using a standardized precipitation drought index, and presents results and a brief discussion. Section 5 summarizes conclusions.
Data and Study Area

Super-High-Resolution Atmospheric Model
Climate condition projections use numerical models to simulate global atmospheric and oceanic circulation. The rapid evolution of these general circulation models (GCMs) in the last three decades was enabled by increased in computer capacity and a better understanding of natural phenomena correspondingly improving model complexity, e.g., spatial resolution in model operation. Climate models used in the First Assessment Reports (1990) of the Intergovernmental Panel on Climate Change (IPCC) [15] were run at a coarse resolution using a 500 km ¢ 500 km grid for the most detailed horizontal resolution. Models in Assessment Report 4 (AR4) (2007) [1] were run at a 100 km ¢ 100 km grid in the most detailed resolution.
Despite such improvements, the GCM spatial operating scale remains hydrologically coarse, and GCM output averaged for each grid cell makes it difficult to use GCM output, as is, in regionalized water resource problems. Expecting sophisticated terrain effects on hydrologic variables, such as precipitation and evapotranspiration, from such data is not always reasonable, either. To bridge the spatial resolution gap between GCMs and hydrologic use, hydrologists often physically or stochastically downscale GCM output .
In 2007, Japan's Ministry of Education, Culture, Sports, Science, and Technology (MEXT) launched the Innovative Program of Climate Change Projection for the 21 st Century (Kakushin21) to develop AGCM20, a veryhigh-resolution atmospheric model having 20-km spatial and 1-hour temporal resolution. After several test simulations, AGCM20 showed advantages in simulating orographic rainfall and frontal rain bands [16] . Due to the spatial scale of frontal rain bands and the difficulty of simulating physical tropical cyclone behavior using conventional GCMs, a high-spatial-resolution model was required to simulate extreme precipitation more accurately and to project trends based on climate change. AGCM20 has the advantages of avoiding conventional problems on a spatial scale, not requiring further regional downscaling using a regional climate model or statistical downscaling. The 20-km spatial resolution was considered for investigating water resource problem in major Japanese river basins.
The hydrologic data we used is output by AGCM20, run on the Earth Simulator, a parallel-vector supercomputer. Working with the Meteorological Research Institute (MRI), Japan, the Japan Meteorological Agency (JMA) developed a next-generation global atmospheric model prototype for climate simulation and weather pre- SST projected for simulation was estimated from the ensemble mean of GCM simulation output under the A1B emission scenario [19] from the model output of the Coupled Model Intercomparison Project Phase 3 (CMIP3) [20] . According to the A1B scenario of the Special Report on Emissions Scenarios (SRES) [19] , IPCC, the global average temperature is expected to increase 2.5 AE C and the CO 2 concentration to become 720 ppm by 2100. Under these conditions, the daily mean temperature average for Japan will increase up to ·4 4 AE C by the end of this century. The ensemble mean of SST for AGCM20 projection simulation was additionally composed with an annual variation of the current HadISST1 SST to make the estimation more realistic. AGCM20 output data is mainly related to hydrologic variables, such as rainfall, snowfall, evaporation, and transpiration. The model provides present output (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) and future output (2075-2094), which we analyzed for each term to determine any considerable change in or effect on water resource problems. The data is test-run output of AGCM20 provided in 2008. (Refer to Mizuta et al. (2006) [16] and Kitoh and Kusunoki (2007) [17] for details on AGCM20 and Kusunoki and Mizuta (2008) [21] for simulation environment details.)
